Corepressors play an essential role in nuclear receptor-mediated transcriptional repression. In general, corepressors directly bind to nuclear receptors via CoRNR boxes (L/I-X-X-I/V-I) in the absence of ligand and appear to act as scaffolds to further recruit chromatin remodeling complexes to specific target genes. Here, we describe the identification of the multiple LIM domain protein Ajuba as a unique corepressor for a subset of nuclear hormone receptors. Ajuba contains functional nuclear-receptor interacting motifs and selectively interacts with retinoic acid receptors (RARs) and rexinoid receptor (RXRs) subtypes in a ligand-dependent manner. Simultaneous mutation of these motifs abolishes RAR binding and concomitantly leads to loss of repression on RARE reporter genes. P19 cells depleted of Ajuba are highly sensitized to all-trans retinoic acid (atRA)-induced transcription and differentiation. In the absence of atRA, Ajuba can be readily found at the RARE control elements of RAR endogenous target genes. Stimulation of cells with atRA results in the dissociation of Ajuba from these regions. Moreover, we observed that coexpression of the known Ajuba binding partner Prmt5 (protein arginine methyltransferase-5) inhibited the Ajuba/RAR interaction. The high-affinity Ajuba-RAR/RXR interaction site overlaps the region responsible for Ajuba/Prmt5 binding, and thus binding appears to be mutually exclusive, providing a potential mechanism for these observations. Identification of Ajuba as a unique corepressor for nuclear receptors sheds new light on mechanisms for nuclear receptor-mediated repression and provides a unique target for developing more effective therapeutics to modulate this important pathway.
hox genes | differentiation | LIM domain | retinoic acid receptors A juba belongs to the Ajuba/Zyxin family of LIM proteins, which includes Ajuba, Limd1, WTIP, Zyxin, LPP, and Trip6. This family is characterized by two or three tandem C-terminal LIM domains and a unique, N-terminal preLIM region (1) . This family of proteins function as scaffolds, participating in the assembly of numerous protein complexes. Consistent with this activity, Ajuba binds Grb2 to modulate serum-stimulated ERK activation (1) . Ajuba also recruits the TNF receptor-associated factor 6 (TRAF6) to p62 and activates PKCζ activity (2) . Ajuba interacts with α-catenin and F-actin to contribute to the formation or stabilization of adheren junctions by linking adhesive receptors to the actin cytoskeleton (3). Ajuba forms a complex with the p130Cas/Dock180 Rac guanine nucleotide-exchange factor to regulate Rac activity (4) . Lastly, Ajuba binds the Aurora A kinase to regulate mitosis (5) .
We recently discovered a nuclear function for Ajuba by showing that it functions as a corepressor for the zinc finger-protein Snail (6) (7) (8) . We showed that Ajuba binds to the SNAG repression domain of Snail through its LIM region. Furthermore, we identified protein arginine methyltransferase-5 (Prmt5) as an effector recruited to Snail through an interaction with Ajuba. This ternary complex functions to repress E-cadherin, a well-characterized Snail target gene. Snail, Ajuba, and Prmt5 can be found at the proximal promoter region of the E-cadherin gene concomitant with increased arginine methylation of histones at this locus (7).
In an effort to further define the Ajuba signaling system, we scanned the aminio acid sequence of the Ajuba protein for potential protein-protein interaction motifs and discovered a number of conserved NR boxes (L-X-X-L-L) and CoRNR boxes (L/I-X-X-I/V-I) within Ajuba, suggesting that Ajuba may be a potential nuclearreceptor interacting protein (9) . Previous studies demonstrated that Ajuba plays a significant role in the regulation of mouse embryonic carcinoma P19 cell proliferation and differentiation, a process highly dependent upon retinoids (10) . In cell culture, the addition of alltrans retinoic acid (atRA) to P19 cells results in growth inhibition and differentiation. At low doses of atRA (10-20 nM), P19 cells differentiate from an ectodermal phenotype into endodermal-like cells, whereas higher concentrations of atRA (100-200 nM) induce terminal neuroectodermal differentiation (11) (12) (13) . Collectively, these observations prompted us to hypothesize that Ajuba may interact with retinoic acid receptors to regulate retinoic acid signaling.
Here, we demonstrate that Ajuba selectively interacts with RA receptor subtypes via conserved nuclear-receptor binding motifs and functions as a corepressor to negatively regulate RA signaling.
Results
Ajuba Contains Putative Nuclear-Receptor Binding Motifs and Interacts with RARα. A comprehensive bioinformatic analysis of the Ajuba amino acid sequence demonstrated that Ajuba contains four putative nuclear-receptor binding motifs (NR box or CoRNR box) designated as NR1 to NR4 (Fig. 1A ). NR1 and NR2 are located in the preLIM region. NR3 and NR4 are located in the LIM2 and LIM3 domains, respectively. NR1 is not conserved among species, while NR2, -3, and -4 are well conserved (see Fig. 1A ). Previously, we have shown that NR2 is necessary for Prmt5 binding (7) . Because retinoic acid receptor alpha (RARα) is the dominant RA receptor that mediates RA function in P19 cells (13), we speculated that Ajuba may physically interact with RARα. Subsequent testing using coimmunoprecipitation (Co-IP) assays revealed that Ajuba (Myc-tagged) interacts robustly with RARα (Flag-tagged) when transiently expressed in 293 cells (Fig. 1B) . To verify an interaction between endogenous proteins, nuclear extracts were prepared from P19 cells +/− atRA (1 μM) for 8 h and RARα was immunoprecipitated from the extracts and followed by Western blotting to detect endogenous Ajuba. Consistent with the transfection results, a complex between endogenous Ajuba and RARα was readily detected in P19 cells. This interaction was inhibited by atRA (Fig. 1C ). This article is a PNAS Direct Submission.
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To determine if Ajuba directly binds RARα, we used full-length GST-RARα recombinant protein and in vitro-translated full-length Ajuba for in vitro binding assays; Ajuba bound to GST-RARα avidly and this interaction was inhibited by atRA (Fig. 1D) . Collectively, these data demonstrate a ligand-modulated binding of RARα and Ajuba in vitro and in vivo.
Ajuba Selectively Interacts with RAR and Rexinoid Receptor Subtypes.
To examine whether Ajuba can also interact with other nuclear receptors that transduce RA signaling, we coexpressed Myc-Ajuba with Flag-RARγ, rexinoid receptor (RXR)α, RXRβ, RXRγ, or thyroid hormone receptor (THR)α in 293 cells and co-IP assays were performed. We observed that in addition to RARα, Ajuba also interacted with RARγ, RXRγ, and THRα, but not with RXRα and RXRβ ( Fig. 2A) . Similarly, we performed co-IP assays to examine the interaction of RARα with other members of the Ajuba/Zyxin family (Fig. 2B) ; RARα bound to Limd1 and WTIP but not to Zyxin or LPP (Fig. 2C) . These data suggest that Ajuba may broadly interact with nuclear-receptor family members and that the LIM domain proteins Limd1 and WTIP may also have the capacity to associate with nuclear receptors.
atRA Dissociates Ajuba from RARα, RARγ, and RXRγ. The canonical nuclear receptor corepressors, SMRT and N-CoR, interact with nuclear receptors in a ligand-dependent manner (14) . We have shown that the interaction of Ajuba and RARα is inhibited by atRA. To determine if ligand dependence extends to other RAR or RXR subtypes, Ajuba and RARα, RARγ, or RXRγ were coexpressed in 293 cells. Transfected cells were treated with either atRA (1 μM) or DMSO for 24 h and whole-cell extracts were prepared. Immunoprecipitation using α-Myc antibody from the resulting extracts showed that atRA treatment of cells dissociated Ajuba from RARα, RARγ, and RXRγ (Fig. 2D) . Using this methodology, we also examined the effect of atRA on the interactions between Limd1, WTIP, and RARα. Similarly, atRA dissociated Limd1 and WTIP from RARα (Fig. 2E) . Together, these data suggest that Ajuba behaves like other known corepressors for nuclear receptors with respect to ligand dependence.
Conserved Nuclear-Receptor Binding Motifs in Ajuba Are Essential for its Interaction with RARα. To examine whether the putative nuclear receptor interacting motifs in Ajuba are essential for RARα binding, we mutated these NR motifs individually or in combination (Fig.  3A) . Wild-type and mutated Ajuba constructs and RARα were transiently expressed in 293 cells and co-IP assays were performed. Mutation of the putative NR motifs individually or in the combinations of NR 2-3, NR 2-4, or NR 3-4 showed little effect on RARα binding (Fig. 3B) . Strikingly, simultaneous mutation of NR2, 3, and 4 abolished the RARα binding (see Fig. 3B , Lane 11). These data suggest that NR1, which is not evolutionarily conserved, does not contribute significance to RARα binding, whereas NR2, -3, and -4 are necessary and potentially cooperate in recognizing RARα.
Colocalization of Ajuba and RARα in P19 Cells. To determine the subcellular localization of the endogenous Ajuba and RARα proteins, we performed indirect immunofluorescence assays in P19 cells. The cells were treated with either atRA (1 μM) or DMSO for 2 h, and the Ajuba protein was detected by immunofluorescence and visualized by confocal microscopy. We observed that Ajuba and RARα were present in both the cytoplasm and nucleus, and were colocalized (Fig. 3C , Top). Even though the subcellular localization of RARα did not change in response to atRA treatment, the Ajuba protein accumulated in the cytoplasm (Fig. 3C , Bottom). Together, these images demonstate that in the absence of atRA, the Ajuba and RARα proteins colocalize and that atRA can disrupt this colocalization.
Ajuba Represses the Activity of a RA-Responsive Element Luciferase
Reporter. A luciferase reporter gene controlled by multiple copies of the DR5 retinoid acid-responsive element (RARE), together with plasmids encoding wild-type Ajuba, the Ajuba mutant NR 2-3-4 (see Fig. 3A ), or an empty vector, were transiently transfected into P19 cells. Expression of wild-type Ajuba repressed the ability of RARα to activate the reporter in a dose-dependent manner (Fig. 4A) . Conversely, the mutant NR 2-3-4, which does not interact with RARα, had no effect on DR5-Luc reporter activity (Fig. 4B ). Limd1 and WTIP were also able to repress DR5-Luc activity, while Zyxin, which does not bind RARs, showed no repression (Fig. 4C) . Collectively, these data indicate that Ajuba negatively regulates RAR-mediated transcription.
Ajuba Binds to the RAREs of Endogenous RA Target Genes and
Negatively Regulates Their Expression in P19 Cells. To further determine the role of Ajuba in the regulation of the RARα-mediated transcriptional regulation, we employed an RNAi knockdown approach to deplete Ajuba in P19 cells. A short interfering RNA (shRNA) targeting murine Ajuba was introduced into P19 cells via lentiviral infection. A lentivirus encoding an shRNA targeting luciferase was used as a control. We selected the cells with puromycin to establish stable cell pools and carried out Western blot assays to confirm the efficacy of the knockdown. The endogenous Ajuba protein was efficiently decreased in these mass pools (Fig.  4D) . We stimulated these cells with atRA for 24 h and well-defined RARα target genes were examined using semiquantitative RT-PCR. Treatment of cells with atRA induced the expression of hoxa1, hoxa4, hoxb1, and hoxb4 in both cell pools but with different magnitudes: At all of the chosen doses, atRA induced stronger RA target gene expression in the P19-siAjuba cells than that in the P19-siLuc cells, with the most striking difference seen in the hoxb1 gene (Fig. 4E) . Notably, the kinetics of hox gene expression resulting from atRA stimulation was not altered in the absence of Ajuba.
To examine whether Ajuba directly occupies the chromatin of RA target genes in living cells, we applied a ChIP analysis to the endogenous RA target genes hoxa1 and hoxb1. ChIP assays were performed in P19-siAjuba cells and P19-siLuc cells treated with either atRA (1 μM) or DMSO for 8 h using antibodies specific to Ajuba and SMRT. Rabbit IgG was used as negative control. The immunoprecipitated DNA fragments were examined by PCR amplification using primer sets flanking the well-defined RAREs in the hoxa1 and hoxb1 loci. DNA fragments generated by ChIP with Ajuba, SMRT, or RARa antibodies were highly enriched for hoxa1 and hoxb1 RAREs in untreated P19-siLuc cells (Fig. 4F) . However, enrichment was not observed in the P19-siLuc cells treated with atRA (see Fig. 4F ). In the P19-siAjuba cells, the antibody to Ajuba failed to immunoprecipitate these DNA fragments from either hoxa1 or hoxb1 genes. Depletion of Ajuba in P19 cells slightly decreased RARα binding to the RARE of the hoxa1 gene, while occpancy of hoxb1 was unaffected (see Fig. 4F ). Interestingly, we observed that RARα was dissociated from RAREs of hoxa1 and hoxb1 genes in the P19-siLuc cells treated with atRA, suggesting a receptor shift may take place in these loci. Taken together, these data strongly suggest that endogenous Ajuba occupies RAREs in bona fide RA target genes.
P19-siAjuba Cells Are More Sensitized to atRA-Induced Differentiation.
TROMA-1 (also known as cytokeratin A) is an intermediate filament protein and a well-established marker for early differentiation of embryonic stem cells (15) . Retinoic acid triggers F9 and P19 embryonic stem cells to differentiate into endoderm-like cells and induces the synthesis of TROMA-1 (10, 16) . In cell culture, low doses of atRA induce P19 cells to differentiate along the endodermal lineage, whereas at higher concentrations atRA induces terminal neuroectodermal differentiation (16) . To examine the role of Ajuba in the regulation of atRA-induced differentiation in these lineages, we used the P19-siAjuba and the P19-siLuc cells described above. As expected, atRA treatment at either 10 or 50 nM induced profound morphological changes in these cells (Fig. 5A) . Analysis of TROMA-1 induction via immunofluorescence and Western blot revealed a dramatically higher level of TROMA-1 expression in the P19-siAjuba cells compared to the P19-siLuc cells (Fig. 5 B and C) . We next determined the time course for atRA to induce differentiation in the P19-siLuc and -siAjuba cells. We treated these cells with atRA at 50 nM. The expression of TROMA-1 could be detected as early as day 2, and peaked on day 5 in both cell lines. Strikingly, no TROMA-1 expression was detected after day 6 (Fig. 5D) . Collectively, these data suggest that decreasing the level of Ajuba protein in P19 cells sensitizes them to atRA stimulation but does not affect the timing of their responsiveness to atRA.
Prmt5 Inhibits the Interaction Between Ajuba and RARα. We have recently shown that Ajuba recruits the arginine methyltransferase Prmt5 to the Snail transcription factor to repress Snail target genes Ajuba mutants were generated from full-length Ajuba cDNA tagged with 6× Myc epitopes at the N terminus using a site-directed mutagenesis method. (B) Simultaneous mutations of the nuclear receptor binding motifs NR2, -3, and -4 abolish its interaction with RARα. Plasmids were transiently transfected into 293 cells, and co-IP assays were performed using an α−Flag antibody. Western blot was performed using an α-Myc antibody. (C) Colocalization of Ajuba and RARα in P19 cells. Cells were treated with atRA at 1 μM for 2 h, fixed, and immunofluorecent assays were performed. The images were taken using confocal microscopy.
(7)
. This prompted us to examine whether Prmt5 could be recruited to RARα via Ajuba. We first examined the effect of Prmt5 on Ajuba-mediated repression of the DR5-Luc reporter activity. Interestingly, Prmt5 by itself repressed DR5-Luc activity. However, when Ajuba and Prmt5 were coexpressed, no repression of DR5-Luc activity was seen (Fig. 6A) . To examine the effect of Prmt5 on the interaction between Ajuba and RARα, these proteins were coexpressed in 293 cells via transient transfection and whole-cell extracts were used for co-IP assays. Strikingly, we observed that Prmt5 attenuated the interaction between Ajuba and RARα (Fig. 6B, Lanes 2 and 4) . In contrast, RARα did not affect the interaction between Ajuba and Prmt5 (see Fig. 6B , Lanes 2 and 3). To further confirm these observations, we performed in vitro binding-competition assays using a GST-Ajuba (244-350 aa) recombinant protein and in vitro-translated, fulllength RARα and Prmt5 proteins. The truncated Ajuba (244-350 aa) protein contains the NR2 motif, which encodes both the Prmt5 and the RARα binding sites. When Prmt5, RARα, and GST-Ajuba (244-350 aa) proteins were added together, the amount of RARα bound to GST-Ajuba was reduced (Fig. 6C) , suggesting a direct competition for the same binding site exists between Prmt5 and RARα proteins. To further strengthen the observation that Prmt5 is not a component of the Ajuba/RARα complex, we performed size-exclusion fractionation of whole-cell extracts prepared from 293 cells expressing Myc-Ajuba, Flag-RARα, or Flag-Prmt5. The Ajuba protein eluted in two well-defined peaks (Fig. 6D, fractions  16-18 and 30-32) , whereas RARα eluted in a single peak (fractions 32-34), well seperated from Prmt5, which eluted in one peak (fractions [16] [17] [18] . These observations suggest that Ajuba and RARα can be coeluted in fractions 30 to 34. However, Prmt5 appeared to be excluded from this complex (see Fig. 6D ). Together, these data suggest that Ajuba, Prmt5, and RARα do not coexist in the same protein complex under these conditions. However, Prmt5 could potentially act as a "switch" to toggle Ajuba function toward either Snail or RARs.
Discussion
Ajuba is a cytoplasmic protein that can shuttle into the nucleus. Ajuba functions as a scaffold protein participating in assembly of numerous protein complexes in both cell compartments, and has been found to bind Grb2, TRAF6, the p130Cas/Dock180 Rac guanine nucleotide-exchange factor, α-catenin, F-actin, and Aurora A kinase to regulate multiple cellular activities, including cell adhesion, migration, wound healing, and mitosis (1) (2) (3) (4) (5) . In the nucleus, one function of Ajuba is to act as a corepressor for the zinc finger-protein Snail, recruiting Prmt5 to repress Snail target genes and function in the epithelial-mesenchymal transition differentiation process (6) (7) (8) .
In this study, we have discovered that Ajuba modulates RA receptor signaling, probably as a classic corepressor. We demonstrated that Ajuba directly interacts with RARα via its conserved nuclear-receptor binding motifs in a ligand-dependent manner. Furthermore, we showed that depletion of Ajuba in P19 cells results in the cells being more sensitized to atRA-stimulated transcription and differentiation. ChIP assays showed that Ajuba occupies RARE loci of endogenous genes, but is released upon stimulation with atRA and concomitantly active transcription was noted from these loci. Collectively, these findings suggest that Ajuba functions as a previously unrecorded corepressor for RARα and as a unique modulator of RA signaling.
In addition to RARα, we also demonstrated that Ajuba can interact with RARγ, RXRγ, and THRα. These data suggest that Ajuba may broadly interact with a variety of nuclear hormone receptors to regulate their transcriptional activities. We are currently examining the biological significance of these findings. We also observed that the Ajuba/Zyxin family members Limd1 and WTIP can interact with RARs and RXRs in a manner similar to that of Ajuba and repress RARE-controlled luciferase activity, suggesting Limd1 and WTIP may be potential corepressors for nuclear receptors.
Because Ajuba itself does not contain any apparent enzymatic activity, it likely functions as a transcriptional coregulator by recruiting other chromatin remodeling factors. Previously, we demonstrated that the Snail protein functions as a nuclear anchor to retain Ajuba in the nucleus. In addition, Ajuba recruits Prmt5 as an effector to repress Snail target genes (7). We found that Prmt5 binds to the NR2 motif in the preLIM region of Ajuba and is translocated into the nucleus in a Snail-and Ajuba-dependent manner. Here, our data suggest that RA receptors also function as nuclear anchors for Ajuba via direct interactions. Surprisingly, we demonstrated that Ajuba, Prmt5, and RARα do not coexist in the same protein complex, rather Prmt5 inhibits the interaction between Ajuba and RARα via a direct competition for the NR2 binding site on Ajuba (see Fig. 6D ). Binding of Prmt5 to the NR2 motif, which also serves as the RARα binding site, may further affect other protein-protein interactions mediated by the C-terminal LIM domains. It is also possible that Prmt5 methylates Ajuba, RARα, or other cofactors in the RARα/Ajuba complex and that this may result in the dissociation of this complex (17, 18) .
Recently, the class I of histone deacetylases (HDACs) were identified as repressors recruited to GFI1 (a SNAG family of transcription factors) via an interaction with Ajuba to repress its target gene (19) . Whether HDACs are also recruited to RARs and RXRs by Ajuba remains an intriguing question and needs further study. A potential model for this complex can be found in Fig. 6E .
Ajuba is expressed in totipotent embryonic stem cells, in the embryonic yolk sac, and in the E12.5 fetal liver (1). In early postimplantation embryos (E7.5-8.5), Ajuba is expressed in all embryonic germ layers, in extraembryonic yolk-sac blood islands, and in the fetal components of the developing placenta. As development progressed, the Ajuba expression pattern becomes dramatically restricted, similar to maturing embryos (post-E12.5). The temporal and spatial expression pattern of Ajuba in developing embryos suggests that Ajuba may play a regulatory role in the early embryonic events. Here we demonstrated that in P19 cells, Ajuba functions as a gauge to regulate the magnitude of atRA-induced differentiation. Hox genes are critical regulators of embryonic patterning and organogenesis (20, 21) . In P19 cells, atRA can induce the expression of a number of hox genes, including hoxa1, hoxa4, hoxb1, hoxb4, and hoxd4, which parallel atRA-induced differentiation. It has been shown that hoxa1 is essential for atRA to induce P19 cells to undergo neuronal differentiation (22, 23) . Consistent with this finding, we observed that depletion of Ajuba in P19 cells amplified hox gene expression, and potentiated robust differentiation in response to atRA stimulation. Interestingly, TROMA-1 expression was quickly lost in P19 cells treated with atRA for 6 days and longer.
This sudden decrease in TROMA-1 expression may be a result of P19 cells differentiating into other cell types that do not express this marker, or the activation of a protein-degradation pathway resulting in the quick degradation of the TROMA-1 protein.
In addition to hox genes, oct4, sox2, nanog3, GATA4, and GATA6 are identified as key regulators of the p19 cell differentiation (13) . Our preliminary studies suggest that oct4 and GATA4 may be the downstream targets of Ajuba in P19 cells. These data suggest an even broader role for Ajuba in endodermal differentiaion.
In summary, we have provided evidence that Ajuba is a corepressor to repress RA signaling via interactions with RARs and RXRs. Whether Ajuba functions as a corepressor to other members of the nuclear receptor family remains yet to be determined. Although HDACs are suggested to be downstream effectors for Ajuba-mediated repression, the exact mechanism by which Ajuba represses RAR signaling is not clear and needs to be examined further. Nevertheless, identification of Ajuba as a unique corepressor for a subset of nuclear receptors sheds light on a mechanism for nuclear receptor-mediated repression involving LIM-dimain containing proteins. Moreover, this work provides another potential target for developing more effective cancer therapeutics.
Materials and Methods
Plasmids. The Myc epitope-tagged Ajuba plasmids pMEX-myc-Ajuba have been described (1) . All Ajuba mutants were made using the QuikChange Site-Directed Mutagenesis procedures following the manufacturer's protocol (Stratagene), and all mutants were confirmed by DNA sequencing. The pcDNA-Flag-Prmt5 and pGL2-DR5 luciferase reporter plasmids have been described (7, 24) . The full-length cDNAs encoding human RARα, murine RARγ, and THRα was kindly provided by M. Lazar at the University of Pennsylvania. Human RXRα, RXRβ, and RXRγ were obtained from Open Biosystems. To make Flag-epitope tagged proteins, we subcloned these cDNAs into pcDNA3.1-Flag plasmids via PCR cloning.
Cell Culture, Transfections, and Luciferase Reporter Assays. 293 and P19 cells were maintained in DMEM containing 10% FBS, 2-mM L-glutamine, and penicillin (50 U/mL)/streptomycin (50 μg/mL) at 37 0 C under 5% CO 2 in a humidified chamber. Transfection and luciferase reporter assays in P19 cells and 293 cells were essentially the same as that described (3).
Coimmunoprecipitation, Western Blot, Immunofluorescence, and Antibodies. Plasmids encoding Myc-Ajuba, Flag-RARα, RARγ, RXRα, RXRβ, and RXRγ were transiently transfected into 293 cells and, 24 h after transfection, cells were lysed in the cell lysis buffer containing 20 mM Tris (pH 7.5), 150 mM NaCl, 2.5 mM EDTA, DTT, and protease inhibitor mixture. The whole-cell extracts were precleared with protein A/G beads and co-IP were performed with either α-Myc or α-Flag antibodies. The Western blot and immunofluorescent assays were described previously (7) . Mouse monoclonal α-Myc (Zymed), α-Flag (Sigma), rabbit polyclonal α-RARα (Santa Cruz), mouse monoclonal α-RARα (Millipore), and α-SMRT (Abcam) antibodies were purchased. The rabbit polyclonal α-Ajuba antibody was raised by immunizing rabbits with a bacterial expressed 6-His fusion protein of murine Ajuba (aa 1-216) as the antigen.
ShRNA Knockdown Ajuba in P19 Cells and RT-PCR. The retroviral shRNA vectors targeting the murine Ajuba gene and the luciferase gene were described previously (7, 8) . The viruses were generated in 293T cells, and were infected into P19 cells. The resulting cells were selected with puromycin to create the P19-siAjuba and P19-siLuc cells. For atRA stimulation, the resulting cells were seeded in 6-well plates at 2× 10 5 cells/well on day 0. On day 1, various doses of atRA (10nM-10μM) or DMSO were added into the culture media for 24 h.
Total RNA from P19 cells was isolated with the RNeasy Kit (Qiagen). RNA was treated with RQ DNase I to remove any genomic DNA contamination (Promega Corp.). Two micrograms of the treated total RNA were used for cDNA synthesis in a 20-μl reaction using SuperScript II reverse transcriptase (Invitrogen). The primer pairs used for PCR amplification will be available upon request. PCR amplification was carried out using Taq DNA Polymerase (Promega Corp.) at 94 C for 15 s, at 60 C for 15 s, and at 72 C for 60 s for 30 or 35 cycles in PCR Express Thermal Cycler (HYBAID).
Chromatin Immunoprecipitation. ChIP experiments were carried out in the P19-siAjuba cells and the P19-siLuc cells. To prepare cells for ChIP assays, the P19-siAjuba cells and the P19-siLuc cells were grown in 150-mm plates to 70 to 90% confluency and atRA (1 μM) or DMSO were added into the culture media for 8 h. These cells were processed as previously described (7) . The immunoprecipitated DNAs were amplified with the primer sets which amply the DNA fragements flanking the known RAREs in the hoxa1 and hoxb1 genes. The PCR fragments were cloned and confirmed by DNA sequencing. For quantification, the PCR products were resolved on 2% agarose gels and visualized with ethidium bromide.
Cell Differentiation Assays. The procedure for atRA induction of P19 cell differentiation have been described previously (10, 11) . In brief, 1 × 10 4 of the P19-siLuc cells and P19-siAjuba cells were seeded in 10-cm plates, respectively, in normal cell culture media. The next day, the media was replaced with the induction media containing atRA at designated doses. The media were changed every other day and morphological changes of these cells were examined daily under microscopy. These cells were harvested on designated time points and cell extracts were prepared in a lysis buffer containing 2 μM of the N-ethylmaleimide inhibitor.
